The male copulatory organ (penis) has been studied to some extend in members of the 100 genus Dinophilus [4] [5] [6] [7] [8] 14, 21] . Especially in the dwarf male of D. gyrociliatus, where it takes 101 up approximately one third of their entire body (with the testes filling most of the rest), the 102 details of muscles and glands of the copulatory organ as well as the nerves possibly 103 innervating it have been investigated by ultrastructural and immunohistochemical techniques 104 [4, 18, 21] , and especially Traut [8] conducted detailed behavioural observations. While there 105 also have been histological observations of the reproductive organs in D. cf. taeniatus [5, 6 ] 106
(which now should be regarded as D. vorticoides based on its reported location on the 107
Swedish coast (Gonzalez et al., in prep.)), T. axi and T. heideri [4, 7] , we lack a common 108 three-dimensional morphological base in order to compare these organs more reliably. 109
Despite the differences in size of the copulatory organ and the number of seminal vesicles 110 between the species, the organization of the penis into a sheath and a cone or internal layer 111 seems to be highly similar in all so far investigated species [4, 5, 18] . Comprehensive 112 (immunohistochemical) studies have not been conducted on any of these species yet and the 113 homology of the respective structures has not been addressed, although previous studies 114 already hypothesized about functional similarities between at least the two Dinophilus 115 species [4, 8] . 116
The nervous system and its connections to muscles and glands of the reproductive 117 organs have hitherto only been studied in high detail in D. gyrociliatus [21, 22] . Here, a pair 118 of ganglia (consisting of four neurons each) is associated with the copulatory organ, and 119 supposedly aids the integration of sensory cues from sensory cells of the posterior end of the 120 animal (surrounding the gonopore) with the information from the anterior part of the body, as 121 well as orchestrates the musculature and glands of the copulatory organ [18, 21, 22 ]. In 122 6 contrast to these ganglia, the larger males of D. vorticoides and T. axi have not been reported 123 to form specific penis ganglia in close proximity to the penis, but instead seem to show a 124 more direct connection to the ventral nervous system [4, 5] . However, details of the neural 125 innervation of the copulatory organ as well as the presence and pattern of specific 126 neurotransmitters in this local copulatory circuitry have not been studied previously. 127
Whereas pan-neural markers can be used to describe the nearly complete layout of the 128 nervous system, neurotransmitters, which are only present in parts of it, can add more 129 detailed information about putative functions of specific nervous system regions. Similar to 130 other signalling molecules, they control behaviour by propagating, inhibiting, decreasing, or 131 increasing action potentials of neurons, and thereby lead to excitation or inhibition of the 132 innervated tissue [23] . Neurotransmitters can furthermore be classified into different 133 categories based for example on their structure and formation, e.g., neuropeptides being 134 chains of amino acids, and monoamines being downstream products of aromatic amino acids. 135
Genetically conserved propeptide sequences coding for specific neuropeptides have been 136
found to be correlated to orthologues across larger taxonomic groups ( 
Results

173
Overview of the male reproductive system 174 In general, the reproductive systems in all three investigated dinophilid species consist of a 175 medioventral glandomuscular copulatory organ or penis (co, Figs 1, 2, 3, 4 it. According to [4] , the glands whose ducts line the posterior part of the penis internally 228 belong to a different cell type than the ones in its anterior part, or the ones of the penis sheath. 229
The glands, whose openings surround the gonopore, most likely aid to attachment during 230 copulation [4] Table 1 ). There furthermore 321 is one pair of immunoreactive somata in close proximity to the nervous system around the 322 14 copulatory organs of D. vorticoides and D. gyrociliatus, though we could not trace these 323 somata's relation to the immunoreactive neurites of the penial innervation. It seems that the 324 labelled fibres mainly originate from the somata along the ventrolateral nerve cords, and not 325 from somata, which are close to the penial commissures or the circumpenial fibre mass. 326
Serotonin-LIR was not detected in the nerves running along the seminal vesicles and 327 spermioducts (Figs 4g, h, i, 8a, b) . anteriomedian to the copulatory organ; one of them anterior, and the other two located lateral 362 on each side of the spherical penis (Fig 5g, Table 1 ). These somata are connected to each 363 other by a few MIP-LIR fibres, which are part of the circumpenial fibre mass around the 364 copulatory organ (Figs 5g, 8j Table 1 ), and potentially in the somata of dorsal sensory neurons, however, the latter pattern 370 is extremely weak and it was not possible to relocate these cells in all tested animals (Fig 5i) . thin fibres trace the stylet gland ducts and in T. axi they form a thin and almost transverse 387 layer in the middle part of its spherical copulatory organ, where they bend inwards. The 388 muscles of the penis cone (also due to the glands associated with it) supposedly regulate the 389 release of glandular products from the penis cone into the penis sheath, and from there to the 390 gonopore for dissolving the female's epidermis [4, 5] , and are also involved in the transport of 391 sperm from the dwarf male into the female to some extent. The highly muscular penis sheath 392 is involved in the main pumping movements of the penis, as well as in the intricate regulation 393 of the attachment of the dwarf male to the female by orienting the adhesive glands 394 accordingly. In contrast to previous findings about the copulatory organ being a possibly new 395 formation in the otherwise reduced body organization [18], our comparative approach reveals 396 the complex, two-layered penis to be a conserved trait of the annelid family Dinophilidae, 397 which does not seem to be strongly affected by changes in size or life cycle of the species. The similar muscle layout of the copulatory organ is not reflected by an entirely similar 437 neural innervation in the three studied species, although in all three species we depict a 438 potentially similar overall function in controlling the pumping motion of the copulatory organ 439 and transfer of sperm. This inferred functional similarity is strongest supported by an overall 440 similar construct of a prominent nerve ring around the copulatory organ (either continuous or 441 constituted by a ventral and a dorsal commissure between the pair of ventrolateral nerve 442 cords), which is observed in all three species with immunoreactivities against the monoamine 443 neurotransmitter serotonin (Figs 4g, h, I, 8a, c) , as well as the neuropeptides FMRFamide 444 (Figs 5a, b, c, 8d , e, f), FVRIamide (Figs 5d, e, f, 8g, h, i) copulatory organ (such as demonstrated for gut musculature in larvae of a macroscopic 538 annelid) seems to be very likely. An increase in the level of MIP in the organism would 539 therefore also lead to an increase in the frequency of pumping movements of the penis 540 observed in the three dinophilid species we analysed, which is similar to an increase in gut 541 peristaltic movements in the larvae of P. dumerilii [66] . Future studies will prove whether the 542 posterior sensory neurons nr. 15 in the D. gyrociliatus dwarf males, which are in direct 543 connection to the circumpenial fibre mass around the penis cone, and eventually their 544 equivalents in the larger dinophilid species, form a similar circuitry than the one described in 545 the larvae of P. dumerilii. This would furthermore imply that the direct sensory-546 neurosecretory mechanism of MIP is not only governing life-cycle transitions (e.g. settlement 547
and feeding [66] , but can be re-deployed in other circuitries, such as the circuit underlying 548 copulation. 
Conclusion
560
Members of the interstitial annelid family Dinophilidae use hypodermal injection for direct 561 sperm transfer, and the glandomuscular copulatory organ developed in this family is used to 562 both produce a hole in the epidermis of the female and to inject sperm into their bodies. This 563 is proposedly done by the male first attaching to the female (using the adhesive glands 564 surrounding his gonopore), then enzymatically dissolving a hole in the female's epidermis 565 (with secretes from the extended penis cone glands), and subsequently moving sperm first 566 into the lumen of the penis sheath and from there pumping it into the female body [5, 7, 8, 9] . 567
This process requires detailed orchestration of muscular and glandular cells, which is 568 amongst others accomplished by the nerves and ganglia in close association to the copulatory 569 organ. Although the architecture of this innervation varies slightly between the studied males 570 of the three dinophilid species Trilobodrilus axi, Dinophilus vorticoides, and D. gyrociliatus, 571 24 all three species show several defined nerve bundles (commissures) embracing the copulatory 572 organ as well as a strong connection of these structures to the ventral nervous system. The 573
presence of immunoreactivity to all tested neurotransmitters (serotonin, FMRFamide, 574
FVRIamide, and MIP) in one to several of these nerves strongly suggests their involvement 575 in regulating at least the musculature of the copulatory organ and thereby also of copulatory 576 behaviour. The conserved architectural immunohistochemical patterns across the three tested 577 species combined with our knowledge of the animal's behaviour (personal observations and 578 
